The life cycle of the centrosome field
Centrosomes and centrioles were 'born' towards the end of the nineteenth century when they were first spotted and studied by astute cell and developmental biologists, including Edouard Van Beneden, as well as Theodor Boveri and Walther Fleming, who coined the terms 'centrosome' and 'centriole', respectively, that still designate these structures today. There was much initial excitement about centrosomes and centrioles, fuelled notably by their suggestive position in the cell centre, by their role during fertilization and by seminal experiments that lead to the formulation of the chromosomal theory of heredity. Daring postulates were put forth about their importance as polar corpuscle and organizers of cell division, as coordinators of karyokinesis and cytokinesis, or as drivers of malignant transformation. After this flamboyant debut, centrosomes and centrioles gradually left centre stage as the twentieth century unfolded. The advent of electron-microscopy in the 1950s revived interest in these structures, in particular when it became apparent that centrioles have a remarkable ninefold radial symmetric arrangement of microtubules that is also imparted onto cilia and flagella. However, detailed understanding of the mechanisms underlying the assembly and function of centrosomes and centrioles would have to wait several more decades.
To appreciate the uncertain state of affairs in the 1970s, one can consider the thoughtful chapter of Chandler Fulton [1, p. 170] , who started his contribution with these words: 'If one wandered about asking biologists to complete the sentence "Centrioles are. . ." the answers might well range from "I don't know" to "Centrioles are self-replicating organelles responsible for the synthesis and assembly of microtubules". Although it is conceivable that the later reply contains a little truth, the "I don't know" is more likely to be the reply of an expert'.
How did we go from such uncertainty to the renaissance that this Theme Issue is heralding? The field has indeed experienced a rebirth as evidenced by comparing the few dozen articles on the centrosome published each year in the early 1980s with the over 400 contributions in the year 2013, or by considering the growing number of conferences in the field. Many novel avenues of research have been opened recently: the centrosome is back in the thinking of many cell and developmental biologists after a long eclipse during which even the term centrosome was neglected to the benefit of the acronym MTOC: Microtubule Organizing Centre.
A timely collective coverage
The centrosome thus represents an extremely timely topic for a collective coverage. After The centrosome in 1992 [2] , The centrosome in cell replication and early development in 2000 [3] and Centrosomes in development and disease in 2004 [4] , it seemed appropriate to assemble a novel collection of papers on the centrosome. This is why, in spite of the many excellent reviews published in recent years, we have accepted the invitation from the Commissioning Editor of the journal Philosophical Transactions of the Royal Society B to assemble this Theme Issue entitled 'The centrosome renaissance'.
Because such Theme Issues are restricted to a limited number of contributions, a focus needed to be given. We chose this focus to be the centrosome in animal cells, while including some information from other systems, including budding yeast and unicellular organisms. Regrettably, however, other important aspects of the field had to be neglected given the space constraints. We asked the authors not only to cover recent findings, but also to provide their views on the issues at stake and emphasize important questions for the future. We articulated the 16 contributions into four thematic groups: centrosomes in history and evolution, centrosome assembly and structure, the functions of centrosomes, as well as centrosomes in development and diseases. In addition, the present piece serves as a preface, whereas an exceptional account by Ulrich Scheer on Boveri's years in Wü rzburg, with newly discovered plates of his work, follows as a prologue and as a reminder of the origin of a field started over a century ago [5] .
In order to have a Theme Issue that is representative of the main advances and concepts in the field, each contribution has been reviewed by two or three experts who could have written just as well on the particular topic they have been asked to review. Those reviewers who were willing to have their names disclosed are listed at the end of this preface. In this manner, in addition to the two undersigned who acted as joint editors for every chapter, the contents of this Theme Issue reflect the direct or indirect input of some 50 leading scientists in the field, whom we wish to thank wholeheartedly for their important contributions.
The main characters
In this preface, we attempt to set the stage for the Theme Issue, while avoiding redundancies with the individual contributions to the extent possible, such that the reader is invited to consult the respective papers for further information and references.
As in all fields, but especially in ones that span more than a century, during which conceptual frameworks and experimental approaches have changed substantially, there is a need to ensure some shared basic terminology to facilitate communication between members of the community and accelerate entry into the field for newcomers. For instance, until when should a procentriole be referred as such before being called a centriole in the canonical centrosome duplication cycle? Hereafter, we use the term procentriole to refer to a centriolar cylinder from the moment it is discernible next to the proximal end of a parental centriole, approximately at the G1/S transition, until mitosis of that cell cycle (figure 1a). During this time interval, a procentriole and the parental centriole next to which it emerges are referred to collectively as a diplosome. After disengagement of the procentriole from the parental centriole during mitosis and subsequent entry into G1, the younger structure, which used to be the procentriole, is now referred to as the daughter [6] . Note that for simplicity the cartwheel is represented with only four slices and that it is present only in the procentriole in human cells. Similarly for simplicity, the PCM/ centrosomal matrix is represented solely around the proximal region, even though it is also present to a lesser extent around the more distal segments. centriole, and the older one as the mother centriole (figure 1a). The mother centriole harbours distal and sub-distal appendages whose distribution mirrors the ninefold symmetry of the centriole, and which are acquired at the end of the cell cycle following that in which the procentriole emerged. The distal appendages mediate docking of the mother centriole to the plasma membrane in cells that exit the cell cycle. Once docked in that location, the mother centriole is referred to as the basal body, and by some workers as the kinetosome [7] , and serves to template formation of the axoneme in cilia and flagella. Note that nowadays the basal body is frequently referred to as a centriole, both for simplicity and because basal bodies and centrioles can interconvert in many cell types. Note also that often, including in the present piece, the plural 'centrioles' is used to refer indiscriminately to all centriolar cylinders (i.e. jointly to centrioles and procentrioles).
Apart from centrioles, another main character in the plot is the pericentriolar material (PCM), also known as the centrosomal matrix, an electron-dense region that surrounds the centriolar cylinders, particularly their proximal part, and together with them constitutes the centrosome (figure 1a). It is now clear that centrioles and PCM are intimately linked to fulfil the numerous functions of the centrosome. However, when the centrosome was equated to an MTOC-when microtubule nucleation was the main function envisaged for the entire organelle-the dominant view was that centrioles were not important for centrosome function. That centrioles are instrumental in maintaining centrosome integrity was demonstrated in human cells by injection of monoclonal antibodies against polyglutamylated tubulin, a post-translational modification of a-and b-tubulin particularly prevalent in centrioles [8] ; see §5). This led to centriole loss and subsequent dissolution of the entire centrosome. In Caenorhabditis elegans, partial depletion of centriolar components by RNAi results in smaller centrioles that recruit less PCM than in the wild-type, further indicating that PCM-size scales with centriolar material [9, 10] . Therefore, centrioles play a fundamental role in assembling the centrosome organelle.
There are other cast members that are neither centriolar nor PCM components, yet clearly important for the overall architecture of the centrosome (figure 1a). These include the intercentriolar linker that connects the mother centriole and the daughter centriole in G1, as well as the two diplosomes thereafter, as well as centriolar satellites, granules approximately 100 nm in diameter that remain incompletely described with respect to their composition and function, apart from being important for primary cilium assembly [11, 12] .
Besides knowing the cast of characters, it is also important to ensure that the nomenclature of the molecular players that participate in the play is accessible to a broad base of scientists. Too many proteins have been referred to under more than one name. For instance, the human protein related to C. elegans SAS-4 (Spindle ASsembly abnormal 4) has been referred to as SAS4 (to indicate its relatedness with the worm protein), as CPAP (for Centrosomal P4.1-Associated Protein, as it was first named, before the relationship to SAS-4 was known) or CENPJ (for Centromere Protein J, for reasons that remain unclear). Although this naming plethora is not an issue specific to the centrosome field, a concerted effort would be welcome to clarify the language.
We hope that the reader of this Theme Issue will be in a position to appreciate the fact that despite considerable progress in understanding the molecular composition, the assembly mechanisms and the numerous functions of centrosomes, many fascinating questions remain open. The field is at an exciting juncture: as many of the molecular mechanisms are being unravelled, the time is ripe for addressing some of the important long-standing questions, including ones that first emerged when this remarkable organelle was discovered over a century ago. We discuss below some of these questions, referring the reader to chapters of this Theme Issue for further information when appropriate.
On the origin and evolution of the centrosome
Some of the most pressing questions should probably be posed from an evolutionary perspective: given that the centrosome is not present in all multicellular organisms, nor in all cells of a given organism, one must ask what this organelle adds to the cell economy that explains its presence as well as its specialization in different biological systems. It is now well recognized that the centrosome evolved from an ancestral basal body/flagellum [13] . Whatever the actual scenario for the origin of the centrosome organelle in the Amorphea lineage (see chapter by Juliette Azimzadeh) [14] , it is interesting to consider what consequences the many variations in centrosome structure and composition observed in extant eukaryotes may have on centrosome function. For instance, what are the functional consequences associated with the fact that many of the genes encoding centrosomal components present in unicellular organisms and in vertebrate species are missing in Drosophila or in C. elegans?
On centriolar microtubules
The microtubules that make up the walls of centrioles have a unique organization, unlike that of any other microtubule in the cell, except for the ones of the axoneme that they template. In particular, centriolar microtubules have a very slow turnover and are resistant to microtubule-destabilizing drugs or cold treatment [15] . Furthermore, centriolar microtubules can apparently resist the mitotic state that dramatically increases the turnover of cytoplasmic microtubules [16] . These properties are exhibited both by microtubule triplets (A, B and C microtubules) present in the proximal part of centrioles and microtubule doublets (A and B microtubules) found in the distal part of centrioles as well as in axonemes ( figure 1a,b) . Moreover, triplet microtubules, but not doublet microtubules, resist treatments with high temperature or high pressure [17] . Perhaps the exceptional stability of triplet microtubules stems from the short distance between the A microtubule of one triplet and the C microtubule of the adjacent triplet, which could provide additional mechanical strength. Moreover, triplet microtubules could provide different surface properties from that of doublets to associate with specific PCM proteins. The mechanisms underlying the exceptional stability of centriolar microtubules are not sufficiently understood, but they are accompanied by the extensive post-translational modifications of tubulin subunits, including polyglutamylation, detyrosination, acetylation and polyglycylation [18] . These modifications are thought to be important for centriole integrity, as evidenced by the antibody injection experiments described above. By analogy to the impact of postrstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130452 translational modifications on the binding of microtubuleassociated proteins or motors on neuronal microtubules [18] , one possibility is that such modifications promote the association of PCM proteins with centriolar microtubules, which in turn could contribute to centriole stability. Such reciprocal stabilization of the two compartments would increase over time, resulting in the accumulation of post-translational modifications, which are thus candidate biomarkers of centriole age. Another question in the realm of centriolar microtubules that deserves further investigation concerns the rare d-and 1-tubulin, which are required, respectively, for the addition of C or B plus C microtubules [19] [20] [21] [22] . What exactly do these tubulin variants bring to centrioles in those species that have them and how can they be dispensable in other species?
On centriole architecture
The structural complexity of the centriole is simply amazing, from the intricate cartwheel present within the procentriole at the onset of the assembly process to the elaborate appendages of the mother centriole added at the end of it (see article by Mark Winey and Eileen O'Toole) [23] . A central question in the field has been to unravel the mechanisms governing the near universal ninefold symmetry of this intricate biological edifice. The discovery that proteins of the SAS-6 family can self-assemble into ring-like structures from which emanate nine spokes that resemble a slice of the cartwheel provides an organizing principle at the root of such symmetry [24, 25] (figure 1b; see article by Masafumi Hirono [26] ). Because the nine spokes in these structures correspond to the coiled-coil domain of SAS-6 proteins, this model suggests that the length of this domain may determine the diameter of the centriole, although whether this is the case remains to be tested.
An interesting question pertains to how length of the centriole is controlled. The procentriole reaches a length approximately 80% of that of the parental centriole by the time of mitosis, with the remaining elongation taking place in the subsequent cell cycle [27, 28] . How is centriole length precisely regulated? In human cells and in Drosophila, POC1 proteins are important for such regulation, since their depletion causes shorter centrioles while their overexpression results in overly long centrioles [29, 30] . In human cells, overexpression of CPAP also leads to overly long centrioles, as does depletion of CP110, a protein which normally caps the very distal end of centrioles [31] [32] [33] . Although uncovering these components is an important step forward, the underlying mechanisms remain sketchy.
Is centriole length set by the extent of microtubule polymerization? What components, if any, regulate the polymerization of centriolar microtubules is not known. Given that the centriole is approximately 450 nm long in human cells, and that the polymerization rate of interphasic cytoplasmic microtubules is approximately 10 mm min 21 [16] , it should take only a few seconds for microtubules exhibiting regular dynamics to reach this length. And yet procentriolar elongation takes hours in proliferating somatic cells [27] . Perhaps some of the centriolar proteins that bind tubulin dimers or microtubules, such as CPAP or Cep135 in human cells [34, 35] , can modulate polymerization dynamics in a manner that differs substantially from that of conventional microtubule-associated proteins (MAPs). Alternatively, perhaps negative regulation of conventional MAPs, which would lead them to function less efficiently than usual, takes place during centriole assembly. Clearly, the analysis of centriolar microtubules and their regulation is an exciting frontier of research. Centriole elongation also involves the assembly of an intra-luminal structure in the distal end ( figure 1) . Except for the presence of Centrin proteins and the Centrin-binding protein POC5, which is required for the assembly of the distal part of centrioles [36] , little is known about the molecular composition of this intra-luminal structure or about its interaction with the centriole wall. This interaction could, however, participate in maintaining the cohesion of the centriole and controlling its diameter [37] . Increased understanding of questions related to centriole architecture offers the exciting prospect of obtaining molecular handles to tinker with the underlying principles so as to probe their biological significance: what would be the consequences of having a procentriole that has the wrong diameter or is too short? A thorough understanding of the system might even enable one to engineer centrioles at will. Synthetic centrioles are on the horizon.
On pericentriolar material organization
How centrioles can help organize the PCM is not yet clear, but perhaps the exceptional stability of centriolar microtubules provides a favourable milieu for recruiting g-tubulin-containing nucleation complexes. Recent results obtained by superresolution microscopy indicate that the PCM is organized in a stereotyped manner around the centriole [38, 39] , in line with the notion that the latter organizes the former. However, the influence may be bidirectional here as well. Perhaps the organized network of PCM proteins surrounding the proximal part of the parental centriole is key in ensuring that the procentriole forms orthogonal to it. There is a land of discovery ahead regarding the mechanisms mediating interaction between centrioles and PCM, as exemplified by work with the Drosophila PCM protein Cnn [40] : what are the association kinetics of proteins that bridge the external wall of centrioles with the innermost part of the PCM and have properties that allow them to transform the order inherent to centrioles into ordered assembly of the surrounding PCM? More generally, what physico-chemical properties explain why the PCM excludes ribosomes, for example, and allow the concentration of many specific proteins and activities? More generally, how is the boundary of the PCM controlled (see article by Tony Hyman and collaborators) [41] ? During the cleavage divisions of early embryos, part of the answer is cell size, as was evident from the days of Boveri and established quantitatively more recently in C. elegans [42] .
How does the PCM interact with the two sets of appendages associated with the mother centriole? Insights into this question could come from analysing how appendages attach to the centriole during mitotic exit. Analysis by electron microscopy established that centrosome organization is modified during mitosis, with the PCM forming a perfect halo around each parental centriole and the appendages transiently disappearing from the mother centriole before reforming on both parental centrioles [43 -45] . This is also the moment when the former daughter centriole reaches its full length and thus completes the centriole maturation process. Investigations of centrosome remodelling during mitosis promises to yield interesting insights about the completion of centriole biogenesis, which may be coupled to the disengagement step and the priming of centriole duplication that take place at this moment. 
On centrosome duplication: from yeast to man
To what extent are the mechanisms of centrosome duplication conserved across evolution? Historically, two ideas were most prevalent to explain the apparent self-reproduction of the centrosome: first, a crystallization-based mechanism, with the local concentration of a given component acting as a nucleating agent; second, a nucleic acid-based mechanism, whereby an analogous principle to that governing replication of the genetic material would hold for duplicating the centrosome. Whereas there is currently no solid evidence in favour of the second proposal, the local oligomerization of SAS-6 proteins at the site of cartwheel assembly supports the first idea. The duplication of the spindle pole body (SPB) in the budding yeast Saccharomyces cerevisiae also relies in part on the first mechanism, with Spc42p forming a two-dimensional crystal at the core of the satellite that will form the new SPB [46] . However, Spc42 crystallization does not occur at the very onset of the duplication process. Instead, the most initial step entails duplication of the socalled half-bridge according to a remarkably simple molecular mechanism of mirror-image assembly (see article by John Kilmartin) [47] . Is this principle evolutionarily conserved, perhaps representing the core of an ancient mechanism that is present but not yet appreciated in the context of centriole duplication? Conceivably, the two major components of the SPB half-bridge, Cdc31p and Sfi1p, which are the only SPB components present in S. cerevisiae, Schizosaccharomyces pombe and vertebrates, may participate in a similar mechanism in metazoans. If so, where should one look for the presence of this mechanism in animal centrosomes. Perhaps in the connection between the nucleus and the centrosome, which is ensured by the half-bridge in S. cerevisiae; or else in the link between the centriole and the procentriole, by analogy with the relationship between the half-bridge and the SPB. An electron-dense structure connecting the proximal end of the parental centriole with the nascent procentriole has been observed in human cell [48] , but neither the Cd31p-related protein Centrin3 nor the Sfi1p homologue hSfi1 seem to be enriched at that location.
If not Centrin3 or hSfi1, what else may initiate the process of procentriolar formation in animal cells? Intriguingly, the onset of formation is preceded by a change in the distribution of the Plk4 kinase from being uniformly distributed around the proximal part of the parental centriole to being concentrated on a single site: this transition may represent a critical symmetry breaking event [38] (also see articles by Kip Sluder [49] , as well as by Elif Firat-Karalar and Tim Stearns [50] ). Does such Plk4 concentration occur next to a specific triplet microtubule? Rotational asymmetries do exist around basal bodies, as evidenced by the stereotypical distribution of rootlets and other structures associate with basal bodies in flagellates and ciliates [51] . Does this occur because each triplet microtubule is unique in some way, or does this stereotyped distribution reflect asymmetries inherent in the cytoskeletal elements that are connected to the basal bodies?
Regardless of whether the local concentration of Plk4 initiates procentriole formation, it is important to note that the current body of evidence speaks against the notion of 'templating' in the strict sense of the term for centriole duplication. Indeed, there is currently no evidence for the copying of a putative mould, be it made of nucleic acids or proteins, and which would be present in the parental centriole to then serve as a blueprint for procentriole assembly. Therefore, the term 'templated formation' that has been used often to describe the process by which a procentriole is seeded next to a parental centriole in proliferating cells does not seem appropriate. Instead, we suggest using the more neutral term of 'centrioleguided' procentriole formation. Whatever the term eventually adopted by the community, it is necessary to distinguish the templated formation of ciliary and flagellar axonemes from the basal body from such centriole-guided formation of procentrioles.
On the connection with the nucleus
Not only does the centrosome reproduce during the cell cycle, but so also do cellular constituents that are associated with it. Indeed, the centrosome is not free within the cytoplasm, but instead is anchored to other compartments, particularly the nucleus. This connection is essential for the migration of nuclei in large eggs or in the fly syncytial embryo, as well as for overall cell polarity. The flagellar apparatus is also connected to the nucleus in most unicellular organisms, with rare exceptions such as kinetoplastids where the basal boy is connected to the kinetoplast [52] . Importantly, the connections that anchor centrosomes have to be reproduced along with the centrosome itself in order to retain them in the two daughter cells. This renders the complete reproduction of the centrosome a topologically complex process. The positioning of centrosomes at the cell centre depends on the dynamics of microtubules that are anchored primarily on the mother centriole, whereas the daughter centriole alone cannot remain at the cell centre [53] . However, upon depolymerization of cytoplasmic microtubules, the drift of the mother centriole from the central position of the cell is minimal [53] , indicating that other connections contribute to proper positioning. Perhaps distal appendages play a role in anchoring the mother centriole to another network such as the actin cytoskeleton.
Could the need to maintain connections with other compartments explain the striking conservation of ancestral centrin genes, whose products are concentrated in the distal lumen of centrioles and accumulate early during procentriole formation (figure 1a)? Centrin was discovered in two green algae as the major component of calcium-dependent contractile striated flagellar roots connecting the basal bodies to the nucleus, the socalled Nucleus Basal Body Connector (NBBC) [54, 55] . Calcium treatment causes shortening of the connector fibres [55] . In C. reinhardtii, this connector forms a sort of perinuclear basket, and mutation of the centrin gene results in defective connection between the basal bodies and the nucleus, as well as variable flagella number, indicating that the NBBC is instrumental in coordinating the segregation of basal bodies and nucleus [56] .
The C. reinhardtii centrin gene defines a sub-family of centrin genes (CEN2), the presence of which always correlates with that of a basal body/axoneme motile apparatus, being for example absent in plants, higher fungi such as yeasts, or animals like C. elegans [13] . Accordingly, loss of centrin2 alters primary ciliogenesis and promotes abnormalities related to ciliopathies in zebrafish embryos [57] . Another centrin gene, discovered as a Cell Division Cycle gene (CDC31) in the yeast S. cerevisiae, is required for SPB duplication and cannot be complemented by centrin2 genes, thus defining another conserved centrin sub-family (CEN3) [58] . Present in fungi and most animals, but absent in plants, the CEN3 subfamily apparently co-evolved with the presence of centrosomes or SPBs, with the notable exception of flies and worms [13] . The CEN3 subfamily could participate in the connection between the nucleus and the centrosome/SPB in some species, as it does in S. cerevisiae, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130452 whereas Ecdysozoa such as flies and worms would have evolved a different type of connection in which CEN3 is dispensable. Of note, whereas Cen3p is more concentrated in the centrosome of vertebrate cells [58] , Cen2p is most abundant in the nucleus and the cytoplasm [6] and participates also in the nucleotide excision repair reaction [59] . Intriguingly, nucleotide excision repair after UV-irradiation is the only known function that is impaired upon knocking out all centrin genes in DT40 chicken lymphoma B cells [60] . However, this function does not require the calcium-binding capacity of Cen2p, whereas its recruitment to the centrosome and its binding to the centrosomal centrin-binding POC5 does [6, 61] . The centrosomal calcium-dependent functions may be complemented in this cell line by other members of the Calmodulin superfamily.
On the centrosome as signalling centre
An appealing and relatively recent role ascribed to the centrosome is one in the integration and coordination of signalling pathways (see article by Erich Nigg and collaborators) [62] , which had been suggested by the analogous and more established role of the yeast SPB. Many aspects, including long suspected links between centrosomes and DNA damage response pathways, have begun to be unravelled and will likely be deciphered further in the years to come. Could there even be something in common between the centrosome as a signalling centre and the cilium being used in major signalling transduction cascades (see article by Maxence Nachury) [63] ? The molecular and functional similarities between cilia and immune synapses in which centrosome repositioning at the plasma membrane is critical (see article by Jane Stinchcombe and Gillian Griffith) [64] further lends support to the notion that the centrosome functions as a signalling hub in many biological contexts.
The centrosome may also act as a signalling centre in a setting where it is usually perceived as a mere source of microtubules. The ability of centrosomes to propel the associated male pronucleus towards the centre of large marine or amphibian eggs in a matter of minutes fascinated the early students of fertilization and development. How can centrosomes and the microtubules they nucleate sense egg size and shape to reach the cell centre in due time to be coordinated with mitotic entry? Microtubules possess an autonomous ability to reach the geometric centre of a given volume [65] , but in vivo biochemical waves emanating from centrosomes are important also to set the timing of cell division (see article by Tim Mitchison and collaborators) [66] . The idea that centrosomes can set gradients of enzymatic activities is not new, but the field is at a stage where these ideas can be modelled and tested with the appropriate experimental approaches. The fact that the Golgi apparatus can also act as an MTOC in vertebrate cells (see article by Rosa Rios) [67] adds another layer of complexity to this topic in offering yet another potential source of signalling.
On the mother-daughter asymmetry
It is now well established that the conservative duplication of centrioles and of the yeast SPBs, resulting in an old and a new unit, contributes to asymmetric cell division and stemness (see article by Jose Reina and Tano Gonzalez) [68] . But why should there be two centrioles per centrosome instead of one, as is the case in the yeast SPB? In animal cells, the capacity of the daughter centriole to nucleate microtubules and to guide procentriole assembly occurs well before microtubules are anchored on sub-distal appendages of the mother centriole to form an aster or permit docking at the plasma membrane via distal appendages to take place to grow a primary cilium. One possible benefit of such a time delay could be to introduce considerable flexibility into the design of the centrosome organelle. In this way, both free and anchored microtubules can be produced independently, considering that the inter-centriolar distance can reach 20 mm in some cells [69] . Regulating this distance could be part of differentiation programmes that set where microtubules are operating in a given cell and thus contribute to facilitate tissue organogenesis or response to extracellular cues. Having such a time delay between the biogenesis of the two units imposes a slow differentiation process, with the distinct control of centriole length as well as the timely control of disengagement of the two centrioles at mitotic exit, after the two diplosomes have separated at the G2/M transition (see the article by Elmar Schiebel and collaborators) [70] .
On centrosome and disease
The links between centrosomes and disease are as old as the field itself, with Boveri's first observations with polyspermic eggs that lead to multipolar divisions and aneuploidy, and it has taken over a century to clarify some of the tenets of this connection.
Whereas it now appears clear that centrosome dysfunctions can favour tumour onset (see article by Susana Godinho and David Pellman) [71] , it will be important to figure out in each type of tumour whether this is by promoting aneuploidy, as Boveri postulated, by promoting tissue destabilization and invasion, through cell polarity defects or perhaps a combination of these effects. Other diseases associated with centrosome dysfunctions have a more recent history but nonetheless an important impact on human health. Among these diseases, it will be important to address, for example, why the brain can be exclusively affected by some mutations in centrosomal components that lead to microcephaly, whereas other tissues are seemingly spared (see article by Fanni Gergely and collaborators) [72] .
On removing centrioles
Although usually very stable, centrioles probably have a finite lifetime in most cells and disappear in a stereotyped manner in specific cell types. This is the case during oogenesis in most metazoan organisms, and such disappearance is critical to ensure that the newly fertilized embryo is endowed with a single pair of centrioles, which is delivered by the sperm [73] . Centriole loss can also take place in somatic cells, as for example during mammalian skeletal myogenesis, when myoblasts fuse into myotubes [74] . Whether there is a common mechanism in both cases is not known, nor is it known whether such disappearance recapitulates in reverse the sequence of events occurring during centriole assembly. Could there be a common theme between these two cell types that explains why they both lose their centrosome?
Concluding remarks
One may wonder why the centrosome has ever evolved in metazoans if other multicellular organisms such as higher rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130452 plants live perfectly well without them. And one may further wonder why some differentiated animal cells that no longer divide, like neurons or leucocytes, retain a centrosome while others such as myotubes eliminate centrosomes? Likewise, why do some resting cells grow a primary cilium whereas others never do, despite having the appendages on the mother centriole that could enable them to do so? Can we propose a unified functional framework in which all these differences would make sense? Cell polarity and its transmission to daughter cells through division in somatic lineages, or from the male gamete to the zygote through fertilization in most animal species, come across as a broad unifying theme that encompasses the numerous functions in which the centrosome can be involved.
In closing, let us reiterate that one cannot hope to get at a comprehensive understanding of centrosome function in diverse systems without a comparative analysis of the cellular economy resulting from the survival strategy of each organism. This is what makes the study of centrosomes both important and attractive. We trust that this Theme Issue will both provide a snapshot of the progress to date and fuel advances for the years to come. Hopefully, the next collective coverage will have answers for many of the questions that are open in 2014 and undoubtedly come up with new ones!
